Abstract-We present a systematic investigation of the passively mode-locked (ML) quantum dot lasers using a Finite Difference Traveling Wave model. Device structural parameters, such as the saturable absorber (SA) length, the total cavity length, and the facets reflectivity, have been varied. The obtained results indicate a strict relation between the ML performances and the intracavity evolution of the forward/backward travelling ML pulse. We demonstrate that shorter pulses can be achieved in devices with higher intra-SA pulse energy thanks to the enhanced absorption saturation.
I. INTRODUCTION
Q UANTUM DOT (QD) based two-section passively mode locked (ML) semiconductor lasers are well-established sources for ultra-short high power pulse generation. Inherent advantages of the QD semiconductor medium enable to achieve high ML performances in the QD-based devices, promoting therefore their potential usage in a large range of applications like telecommunications, optical sampling and bio-medical applications [1] , [2] .
These devices have been intensely investigated in the last ten years in order to achieve better ML properties. Various methods, such as increasing the absorber/gain length ratio [3] , introducing a passive section [4] , using novel scheme like tapered gain section [5] , have been proposed and the experimental results have demonstrated high quality pulses with pulse width in the sub-picosecond range and peak power in the Watt range.
Full understanding of the dynamics governing the pulse formation in the ML lasers is always crucial to promote new design ideas for the device performance improvement. Therefore, theoretical investigations are essential to support the experimental investigations. To this end, both analytic theories and the numerical simulations of the QD-based ML lasers have being exploited. Although simpler, analytic equations are less reliable when applied to study the detailed dynamics in the QD devices [6] , [7] . On the contrary, rigorous numerical models with acceptable computational cost have achieved increasing importance in these years [8] , [9] .
The Finite Difference Traveling Wave (FDTW) model for the QD laser published in our previous papers [10] , [11] has been used in this analysis. Starting from the most commonly used laser configuration, we investigated systematically and in a quantitative way the possibility to optimize the performances of a passively ML QD laser by varying the saturable absorber (SA) length, the total cavity length and the facets reflectivity. During this investigation, we paid special attention to the influence of the intracavity pulse evolution on the pulse properties. According to the simulation results, we found that changes in the laser configuration lead to consequent changes in the intracavity pulse energy (PE) evolution and the gain/absorption distribution which then contribute to the device performance variations. Particularly, it has been always observed that, at the same effective pumping level, the higher the PE impinging the SA, the smaller the pulse width. This paper is organized as follows: in Section II, a brief description of the investigation approach and the considered devices is presented; main discussion about the influences of the device parameters on the intracavity PE evolutions and the pulse properties is shown in Section III; finally, a brief conclusion is drawn in Section IV.
II. INVESTIGATION APPROACH AND THE DEVICES
Using the single-population FDTW model proposed in [10] , the evolution of the optical field when propagating in forward (+z) and backward (−z) longitudinal directions within the device cavity and the associated carrier dynamics in the QD medium can be evaluated. This model can be divided into two parts. The traveling wave equation which governs the optical field evolution is reported in detail in [10] , while the rate equation system which calculates the carrier dynamics in the QD medium is described in [11] . The material related model parameters are given in Table I . They correspond to the case of InAs/InGaAs Dots-in-a-Well lasers emitting around 1.3 μm and have shown good qualitative agreement between the simulations and the experiments in previous works [5] , [12] . Based on the parameter set shown in Table I , all the other parameters required in the simulation can be directly 0018-9197/$31.00 © 2012 IEEE confined QD states considered in the rate equation system, while WL is the wetting layer and SCH is the separate confinement heterostructure. We consider in this work the straight edge emitting two-section passively ML Fabry-Perot (FP) laser, consisting of a forward biased gain section and a reverse biased SA section. Our study starts from a laser with the most commonly used configuration in the literature for short pulse generation [1] , [3] . In this device the total length L is 2 mm, the ridge width W is 6 μm, the SA length L S A is 287 um, the SA side facet is high-reflection (HR) coated with reflectivity R 0 of 95%, the low-reflection (LR) coated facet has reflectivity R L of 4.2% and the active region consists of 10 stacks of InAs/In . 15 Ga .85 As Dots-in-a-Well layers. Schematic of this laser is given in Fig. 1(a) . In the following section, most of these parameters will be modified and the corresponding influences on the device performances will be shown.
To compare different devices, the following conditions are obeyed throughout this work so that each device has almost the same operation condition.
1) All the devices operate at the same S value. This parameter is defined as the ratio between the gain saturation energy and the absorption saturation energy [6] and should be larger than one in principle, so that the gain section is harder to be saturated than the SA allowing therefore the pulse formation. For the straight monolithic QD laser, the same gain saturation energy can be achieved by fixing the threshold gain g th , since in this way the differential gain which determines the gain saturation energy is fixed [6] , [12] . We have chosen g th = 175 cm −1 for all the considered devices, since it is neither too low to achieve enough S nor too high to avoid ES lasing induced instability [13] . 2) Since the optical power is negligible below the laser threshold, the effective part of the injected current for pulse energy increasing in the laser cavity is the part above the threshold current I th . We call therefore this part of current as the effective pumping current (I ef f = I − I th ) and this parameter unless otherwise specified is fixed at 40 mA. 3) To achieve the same absorption saturation energy and absorption recovery rate, the reverse bias voltage of the SA is always set to 5 V. Another reason for this high reverse voltage is to avoid the trailing edge instability in the ML which is always observed in the device with high S value [12] . In order to satisfy 1), g th is fixed, and the corresponding structural parameters are estimated using the following approximate resonance equation [7] :
where xy is the field confinement factor within the QD layers, α S A = 198.6 cm −1 is the QD unsaturated material absorption at GS transition and α i is the intrinsic waveguide losses. The last term at the right hand side of (1) represents the mirror losses α m of the laser cavity.
III. INVESTIGATION AND DISCUSSION
Let study first the device defined in Section II. Fig. 2 (a) shows the spatio-temporal evolution of the optical power of a GS pulse oscillating inside the laser cavity. The ordinate axis indicates the location along the total cavity length with the SA side facet at z = 0 and the gain section side facet at z = L (see also Fig. 1 ). This map highlights the spatially dependent coupling between the forward (F f ) and backward (F b ) traveling optical fields. As shown in Figs. 2(b) and (c), the field absorption/gain dynamics are highly dependent on the considered section z, since the relative delay between the times when F f and F b crosses that section varies with z. At cut 1 [ Fig. 2(b) ], the delay is quite short; therefore the backward field-induced absorption saturation recovers only slightly when the forward field peak arrives. Whereas at cut 2 [ Fig. 2(c) ], the delay is longer and allows the gain saturation to recover more. The coupling between the forward and backward pulses will be weaker in the middle of the device and becomes stronger again when approaching the gain section side facet.
Comparing Figs. 2(b) and 2(c), one can clearly observe a big difference between the maximum absorption bleaching and the maximum gain compression. Since the optical field power in these two close cuts should be similar, above observation confirms our expectation that gain section is harder to be saturated than the SA.
In the following, we will show directly the pulse energy evolution in the laser cavity, which is computed by the integration over time of the optical power of a pulse when it forward or backward crosses the considered section of the cavity [labeled as E f (z) and E b (z)]. Besides, it is shown also the local net modal gain (G(z)) distribution in both directions. For the forward/backward propagation, Fig. 3(a) ].
Details of the pulse performances in terms of the average power, the pulse width, the peak power and the figure-ofmerit (FOM), defined as the product of the average power and the peak power [14] , at a fixed I e f f are shown in Figs. 3(b) and 3(c) . One can easily find a significant reduction in both the average power and the pulse width when increasing L S A /L. The variation of these two quantities leads to an optimum L S A /L that could achieve the highest peak power or FOM.
In principle, stable ML with identical energy for each pulse results from the self-consistent solution of the ML system which balances the amplification in the gain section, the attenuation in the SA and the boundary conditions at both facets. From Fig. 3(d) it is evident that, since device with longer SA would lead to larger total PE attenuation in the SA, the self-consistent ML established in such device must have higher intra-SA PE to compensate this large attenuation.
Furthermore, after experiencing a continuous attenuation in the SA, the forward propagating pulses in all the devices reach a point where E f is almost the same (z = 590 μm). Beyond this point, differences in E f start to emerge. As we can see, due to the strong coupling between the forward and backward pulses, device E which has highest E b exhibits lowest forward local gain [see Fig. 3(e) ], and consequently obtains the lowest E f at the output facet. This result combined with the low power extraction from the output facet due to high R L explains the smallest average power obtained in device E.
In Figs. 3(e) and 3(f), we show the evolution of G(z) when the pulse is forward and backward propagating in the cavity. In each figure, the upper limit of the ordinate is the unsaturated net model gain ( xy g th -α i ), whereas the absolute value of the lower limit is the unsaturated total absorption ( xy α S A + α i ).
Two features can be observed. First, due to the finite recovery rate, gain and absorption dynamics are strongly influenced by the coupling between the forward and the backward propagating pulses. An evidence of this statement is that at the point where E f is almost the same for all the devices, forward G(z) [Fig. 3(e) ] is not identical but lower for device with higher E b . Furthermore, although the local absorption bleaching seems stronger than the local gain compression, the integrations of these two quantities over the entire SA/gain section are equal, guaranteeing unitary round trip gain.
The latter feature also indicates that when a pulse circulating in the cavity, the pulse shortening in the SA compensates the pulse broadening in the gain section so that, in successive round trip, the pulse width remain constant. However if comparing different devices, we can find that device E which has the highest E f and E b in the SA and consequently highest absorption saturation, experiences strongest pulse shaping processes and therefore achieves the shortest pulse.
In conclusion, if L is fixed, the device with longer SA exhibits higher intra-SA PE, resulting into stronger absorption saturation and shorter pulse. In addition, these results put in evidence that larger intracavity pulse reshaping occurs in the device with longer SA, explaining the experimental findings in [15] that such device has worse noise performance and larger RF linewidth.
B. Change of L and R L
Based on above observations, it is natural to expect further reduction of the pulse width in longer ML lasers since they have potential to incorporate even longer SA. Therefore, keeping the same L S A /L(1:3.75) as device D, we considered two additional devices with total length of 3 and 5 mm whose corresponding R L are 10.4% and 2.2%.
Similarly as in Fig. 3, Fig. 4 reports the pulse performances and the intracavity distributions of the pulse energy and of the modal gain for the three devices. We can see that for the device with the same L S A /L, and at the same I e f f , similar average power and pulse width are achieved, leading to significant enhancement of the output peak power in longer devices [Figs. 4(a), 4(b) and 4(c) ].
Different from our expectation, the 5 mm device which has larger absolute SA length does not achieve improvement in the pulse width with respect to its counterparts with the same L S A /L. This observation can be explained as follows. First, the self-consistent ML pulse for the 5 mm device exhibits a larger E b but a smaller E f [ Fig. 4(d) ]. As a result, this pulse leads to higher absorption saturation when it backward crosses the SA, while lower saturation in the forward path [Figs. 4(e) and 4(f)]. Thus, the total pulse shortening effect experienced by this pulse actually is similar to that in shorter devices. Another reason is that, since L S A /L is fixed, the relative relation between the pulse shortening in the SA and the pulse broadening in the gain section is also fixed in each device, resulting therefore to similar total pulse shaping profile.
Previous results actually indicate that it is the length ratio L S A /L not the absolute SA length who governs the achieved pulse width. In addition, to get shorter pulse, higher intra-SA PE and higher absorption saturation in both propagation directions are needed. We stress that although higher peak power can be achieved, too much increase of the device total length may finally lead to early onset of the harmonic ML at high injection current [14] . In addition, for longer devices, the lowest L S A /L at which stable ML starts to be obtained increases.
C. Exchange of R 0 and R L
All above devices belong to a main class of passively ML lasers, where the self-colliding pulse mode locking effect is utilized [16] , i.e., the SA is close to the high-reflection coated facet [high R 0 , see Fig. 1(a) ]. In this case, the pulse interacts with itself in the SA and enhances the absorption saturation.
Recently it has been investigated in [17] a cavity configuration called anti-colliding pulse mode locking (ACPML) where on the contrary the SA is placed close to the low-reflection coated facet [low R 0 , see Fig. 1(b) ]. Using this configuration, an even higher optical energy for pulse impinging the SA has been demonstrated theoretically in the quantum well (QW) devices. Therefore, according to our previous observation this configuration can be considered as another method to further reduce the pulse width.
Keeping L = 5 mm, we considered three high R 0 devices with L S A /L of 1:4.3, 1:3.75 (the one discussed in Part B) and 1:2.9, the corresponding output reflectivities R L are 0.7%, 2.2% and 33% (R 0 is always 95%). For the low R 0 devices, we just exchanged the values between R L and R 0 . Fig. 5 reports the pulse performances of these devices. We can observe similar trends in the low R 0 devices as that presented in Part A: with increasing L S A /L, a reduction in both the average power and the pulse width can be found, resulting to corresponding changes in the peak power and the FOM.
Comparing these two configurations, in [17] , a substantial increase in the output peak power and a reduction in the pulse width have been demonstrated for device with low R 0 . In our case however, big performance differences are found only in small L S A /L devices and this differences vanish with increasing L S A /L. In addition, although smaller pulse width is achieved in some cases of low R 0 , the average power and peak power are always smaller.
In order to identify the physical origin for the described performance differences, we show in Fig. 6 the intracavity PE evolution and the forward/backward local net modal gain distribution for these devices. This kind of figures has already been shown many times in previous parts, so here only schematics of them are reported.
When L S A /L = 1:4.3 (left of Fig. 6 ), pulse in the low R 0 device experiences continuous amplification when propagating in the gain section without high power loss at the gain side facet that occurs in the high R 0 device, leading therefore to higher cumulated E b before arriving the SA (z = L S A ). In this condition, the enhanced pulse energy in the SA strongly depletes the absorption in both forward and backward directions and consequently results to shorter pulses than that in the high R 0 device. On the contrary, although higher E b impinging the SA is achieved in the low R 0 device, the pulse energy at the output facet for this device [E b (0)] is lower than that for the high R 0 device (E f (L)). Thus, the output average power is lower. And since the pulse width reduction is not high enough, the output peak power is also lower. Instead, for the QW devices considered in [17] , significant increase in the output peak power has been shown in the devices exploiting ACPML. We believe this difference can be attributed to the big difference in the SA length ratio between the QW and the QD devices, as explained below.
From Fig. 6 , we can see that, with increasing L S A /L, the intracavity PE profiles in these two kinds of devices become similar or practically identical. The same phenomenon also happens in the corresponding intracavity local gain distributions. According to our previous findings, the device which has higher intra-SA PE will obtain shorter pulses; the larger the intra-SA PE difference, the larger the pulse reduction when using low R 0 configuration. Therefore, the observations in Fig. 6 indicate that large decrease in the pulse width should be found in device with very small L S A /L. Further investigations on the 2 mm devices in Part A clarified this deduction. For the 2 mm case, large range of stable ML can be achieved in the device with an L S A /L as low as 1:7. When exchanging the R L and R 0 values of this device, large pulse width reduction has been observed, which also enabled considerable pulse peak power improvement.
For the QW devices in [17] , stable ML can be established in a 1.04 mm laser with L S A /Lof only 2%, even if we take into account the difference between the maximum modal gain (g 0 = 120 cm −1 ) and the unsaturated absorption (α S A = 360 cm −1 ) in that numerical model, the equivalent L S A /L is still only 6%, which is much smaller than the L S A /L value of the QD devices considered in this manuscript. Therefore according to our previous findings, substantial reduction in the pulse width when using the ACPML configuration should be achieved in the QW case due to the strongly enhanced intra-SA pulse energy and this large pulse width reduction also helps to obtain peak power enhancement in the QW case.
To conclude this part, previous discussions indicate that only for the QD device which could achieve stable ML with smaller L S A /L, the ACPML configuration is an efficient method to reduce the pulse width and to increase the peak power.
IV. CONCLUSION
We present a systematic investigation of the device performances when varying the SA length, the total length and the cavity reflectivities. Throughout this investigation, we keep as constant the threshold modal gain and the reverse bias voltage, to ensure that all the devices have the same operation condition in terms of the gain and absorption saturation energies.
The obtained results reveal strong correlation between the intracavity pulse energy distribution and the ML performances. In detail, it is demonstrated that at the same effective pumping current, the higher the intra-SA pulse energy, the shorter the pulses. Especially, we show that when fixing the absorber-to-total length ratio, devices with longer total lengths exhibit similar pulse width and average power, but significantly enhanced peak power.
